We report on reversible and irreversible phenomena in size-limited InAs island growth (SLIG) on GaAs(001) surface. We found that, with increasing the substrate temperature, the island density of the SLIG islands decreases, the lateral size of the islands increases and the islands strongly flatten. The average volume is either decreased or weakly affected. The total amount of InAs accumulated in quantum dots (QDs) strongly decreases in favour of the gas of In adatoms on the surface. Both unidirectional and reversible tuning of the substrate temperature after formation of the islands causes reversible changes in the island shape and density. We show the possibility of dramatically increasing the volume and the density of QDs approaching the strategically important 1.3 µm wavelength range via adatom condensation with cooling of the substrate after the formation of QDs. We also demonstrate that the substrate temperature cycling procedure may remarkably reduce the defect density in QD structures.
Introduction
There exists a significant interest in spontaneous formation of coherently strained three-dimensional (3D) nanometrescale islands on the surface of a bare single-crystalline substrate (Volmer-Weber growth mode) or on top of a thin strained wetting layer (WL) (Stranski-Krastanow growth mode). Islands formed from a narrow-bandgap semiconductor material and overgrown by wide-bandgap material may create a 3D quantum confinement for electrons and holes, or quantum dots (QDs). The QDs have a discrete atom-like electronic spectrum governing their unique physical properties [1] and may be used in advanced applications in micro-and optoelectronics. According to the conventional picture of 3D island growth [2, 3] , a growth interruption (GI) allowing the equilibration of an array of islands should lead to Ostwald ripening, thus resulting in an infinite growth in the average 3D island size. The reason is that the elastic strain relaxation energy, being the driving force for the formation of the 3D islands, is only a function of the island shape if the total volume 3 of the material assembled in the islands is fixed. In contrast, the total surface area of the array of islands is a strong function of the average island size, larger islands resulting in a smaller total surface area. In the common case, if the top surface is stable against faceting, it would be energetically favourable for an array of islands to undergo Ostwald ripening [2, 3] . Such behaviour is expected to result in a rather broad distribution of island sizes and in the onset of dislocations in islands exceeding a certain size [4] . Surprisingly, in many heteroepitaxial systems, the self-limited island growth (SLIG) is observed to provide a narrow size distribution around some optimum size and stability of the array of islands upon GI. This property, on the one hand, ensures both present and future applications of the QDs, and, on the other hand, is a real challenge for the theory since it is in clear disagreement with the conventional picture of Ostwald ripening.
To explain the SLIG, two classes of theoretical models were applied. In kinetic models, SLIG is assumed to occur under strongly non-equilibrium conditions. In models of [5, 6] , the apparent absence of ripening is explained by the creation of strain-induced diffusion barriers at the island edges, which become progressively higher for larger islands, resulting in the SLIG. Another model [7] emphasizes the role of barriers for the nucleation of a new atomic layer on side facets of a strained island, the barriers being higher for larger islands, leading to the SLIG. In the above models, the possibility of adatom detachments from islands is not considered and the island size is fixed after the termination of growth. In [8] it is assumed that the SLIG is a result of two-dimensional (2D) precursor islands, and that 3D islands formed atop these 2D platelets do not grow beyond a certain size due to kinetic limitations.
Thermodynamic models describe an array of 3D islands ordered in shape, size and relative arrangement as a new class of equilibrium surface structures [9] [10] [11] . The existence of such equilibrium structure is related to the sign and the absolute value of the strain-induced renormalization of the surface energies and the effects of wetting. It was shown that in a certain region of material parameters (for example, surface energies and surface stresses) the formation of 3D islands from a flat film, despite the increase of the surface area, may lead to a decrease of the surface energy, making ripening energetically unfavourable, as for other classes of elastic domain structures [12] [13] [14] [15] .
In this paper we consider experimentally the formation mechanism of InAs 3D strained islands on GaAs(001) substrate and the influence of substrate temperature, GIs and tuning of the substrate temperature after the InAs deposition on the resulting shape, volume and density of the islands formed in a SLIG mode. We demonstrate reversibility of the changes of the array of 3D islands upon the substrate temperature tuning after the formation of the islands. We find a decrease of the island volume with the increase of the substrate temperature during InAs deposition, which is in agreement with the thermodynamic model of temperature-dependent equilibrium distribution of island volumes. We demonstrate the possibility of reaching the strategically important spectral range near 1.3 µm and, simultaneously, increasing the QD density by cooling of the substrate after the QD formation and prior to GaAs overgrowth.
Experiment
The samples are grown on semi-insulating GaAs substrates by using a conventional molecular beam epitaxy (MBE) [16] . The sample geometry, the growth rates and the SLIG arsenic pressure are similar to those of [17] . The island formation starts at about 1.7 ML InAs on GaAs(001). The islands formed by the 3 ML InAs deposition have a size close to the limiting size possible for the particular substrate temperature chosen for the InAs deposition. A 10 s GI has been introduced after the InAs deposition to ensure that this limiting size is completely reached. InAs islands are overgrown by a 10 nm thick GaAs at the same substrate temperature. For some of the samples, the substrate temperature was tuned after the InAs deposition and the InAs islands were covered by GaAs at the final temperature. Transmission electron microscopy (TEM) measurements are performed by using a Philips EM 420 microscope with an acceleration voltage of 100 kV. PL is excited by the 514.5 nm line of an Ar + laser and is detected at room temperature (RT). The excitation density is ∼200 W cm −2 .
Results and discussion

Impact of substrate temperature on QD shape and density
We initially concentrate on the effect of temperature on the 3D island shape, volume and density. Figure 1 demonstrates the dependence of the localization energy of the exciton in a QD with respect to (a) the GaAs bandgap energy, (b) the average lateral size and (c) the density of the islands revealed in planview TEM images (see also figures 2(a) and (b)). As can be seen from figures 1, 2(a), (b), (d) and (e), the island lateral size and the height of the islands demonstrate opposite behaviour: increase of the substrate temperature leads to an increase of the lateral size and a decrease of the island height. We note that the lateral size of the island and its height, revealed in TEM images, are very sensitive to the imaging conditions and the TEM foil thickness. Thus, the exact numbers and the shapes given in figures 1 and 2 indicate only some general trends for comparable imaging conditions. To evaluate independently the dependence of the volume on temperature, we focus on the localization energy of the electron-hole pairs confined by QDs. Figure 1 (a) demonstrates the decrease in the localization energy with increasing temperature which, generally speaking, corresponds to a decrease of the QD volume. However, the opposite changes in the lateral size and the height of the QDs signifies a drastic change of the QD shape. The effect of the QD shape on the optical transition energy was calculated in [18] . It was shown that, for a InAs QD of a fixed volume in the GaAs matrix, the flattening of the QD shape leads to a red shift of about 30 meV. Thus, the observed behaviour of the PL peak in figure 1(a) can only be explained by a decrease of the QD volume with the increasing temperature in which the blue shift due to the volume decrease overcomes the red shift due to flattening of the islands. We note that the change of the height-to-lateral size ratio of the islands with the volume change is in agreement with the predicted behaviour of the strained islands (flatter islands at smaller volumes) [19, 20] . We also note that at lower temperatures the actual volume of the SLIG is not yet completely reached, as longer GI times are required to reach equilibrium, due to the slower kinetics of exchange reactions on the surface. Moreover, going to substrate temperatures of about and below 420
• C also results in the local formation of much larger nanoislands (up to 30-100 nm in lateral size), having a complex internal structure [21] . The increase of the island volume with temperature decrease is in clear disagreement with the kinetic models of the SLIG [5] [6] [7] which predict an increase of island volume with temperature due to increased adatom diffusion coefficient and the weaker influence of the diffusion barriers at higher temperatures. In contrast, the thermodynamic model of the equilibrium distribution of island volumes is related only to the equilibrium properties of the surface and the bulk. It states that the entropy effects in the island formation favour smaller island volumes at higher temperature [22] . For islands having a 2D-like shape with a fixed height and variable lateral dimensions, the model yields an approximate behaviour of the island volume V with temperature where a characteristic temperature T char depends on the volume of the island and is >800 K for islands composed of >1000 atoms. An observed decrease of the average island volume with temperature emphasizes entropy effects and thus strongly supports the thermodynamic picture of the island formation. Though the actual system of 3D islands having a variable shape requires a much more complicated theoretical treatment than that of [22] , general trends remain the same, as the entropy effects in equilibrium arrays of islands favour islands of a smaller volume at higher temperatures. The decrease of island volume simultaneously with the decrease of island density also indicates that an excess of indium atoms is trapped by the surface of the WL in the form of adatoms. After overgrowth, these adatoms contribute to the effective thickness of the WL. The effects of indium segregation [16] on the broadening on the compositional profile were estimated both for InGaAs/GaAs quantum well structures [23] and for InGaAs/GaAs QDs [24] . These data revealed that the extension of the In profile in samples grown at 500
• C exceeds that in samples grown at 450
• C by only about 1 nm. Such a change can only weakly affect the PL spectrum of the QDs and is at the resolution limit of our TEM studies. Thus, we do not expect the capping procedure at temperatures at and below 500
• C to strongly affect the volume and shape of the QDs for the experimental conditions studied in this paper.
Impact of growth interruptions
In this paper we have studied the behaviour of an array of islands under very long GIs and temperature tuning. The GI of 10 s leads to an array of coherent islands formed in SLIG mode. Further increase in the GI time to ∼120 s at the same temperature does not result in a change in the island size and density, but causes the local formation of random large islands, which become dislocated and attract material from coherent islands in their vicinity. As the GI time increases and the density of these dislocated islands becomes large, the density of the coherent islands decreases, while the size and the shape are weakly affected [17] . The effect of formation of large dislocated islands may be traditionally attributed to Ostwald ripening. However, as no noticeable concentration of the islands having an 'intermediate' size was found (see also [17] ) an alternative explanation in the frame of thermodynamics can be given. An equilibrium distribution function of island volumes at finite temperatures contains a tail extended towards large volumes [22] . Very large islands should appear locally, though with a very small probability. If an island exceeds a certain critical volume, it may become dislocated and create an attractive potential for indium atoms. Since the equilibrium distribution of island volumes refers only to coherent islands, its validity is limited by the appearance of even a small density of dislocated islands. Then coherent islands will gradually vanish.
Impact of temperature tuning on QD shape, volume and on the defect density
Let us now focus on the effect of the tuning of the substrate temperature on density, volume, shape and PL spectra of the QD arrays. The comparison of the array of islands after 120 s cooling (figures 2(b) and (e)) with the array formed and capped at 500
• C (figures 2(c) and (f )) indicates that cooling results in a decrease of the lateral size of the islands. Thus, lateral size of the islands after cooling is an intermediate between its value for the array deposited and capped at 450
• C (figures 2(a) and (d)) and the value for the array deposited and capped at 500
• C (figures 2(b) and (e)). The same is true for the island density and the height, which are significantly increased after cooling (figures 2(c) and (f )) from 2.8 × 10 10 to 4.5 × 10 10 cm −2 . An even more dramatic increase in QD density was manifested for fast cooling of QDs formed at 520
• C (from 1.7 × 10 10 to 5.0 × 10 10 cm −2 ), accompanied by a strong reduction of the lateral size and increase in height. This indicates a partial reversibility of changes of the arrays of islands with temperature. Figure 3 shows the PL spectra of the two arrays of islands. The dashed curve refers to the array formed at 500
• C, subjected to 10 s GI, and capped by GaAs at the same temperature. The solid curve shows the PL spectrum of the array formed at 500
• C, cooled to 450
• C during 120 s, and capped by GaAs at 450
• C. The comparison demonstrates two effects. First, cooling leads to a red shift of the QD PL peak to 1.27 µm (with only 30% drop in intensity at 1.3 µm), indicating the increase of the QD volume. This again shows a reversibility of the volume change upon the change of temperature. Second, the cooling leads to a blue shift of the PL peak due to WL. This is related to a strong reduction of adatom density, as adatoms condense increasing the volume of existing 3D islands and forming new islands. The effect shows that the higher overgrowth • C (dashed curve) and of InAs islands formed at 500
• C and cooled down to 450
• C (solid curve) before capping at the final temperature.
temperature causing the asymmetric quantum well profile of the WL, which should result in a blue shift of the WL emission for the same amount of material deposited, is a much weaker effect than the thermodynamically driven growth phenomena, even for the case of ultrathin insertions. The reversibility is partial, because it is difficult for the system to create or eliminate enough islands in a limited time. The improved PL efficiency in the cooled sample is explained below. Now we consider the impact of heating on the size, shape and density of the QDs. Figures 4(a), (d) and (g) demonstrate the TEM images of the dots formed at 450
• C by 3 ML InAs deposition and immediately covered by GaAs. The average lateral size of the QDs is comparable to that in figure 2(a) , while the height is slightly smaller (7 nm) and the density is higher (10 11 cm −2 ) due to the absence of the 10 s GI phase in the latter case. The plan-view TEM image presented in figure 3(d) is taken in defect-sensitive conditions and shows that about 0.5 × 10 11 cm −2 islands contain defects (small dislocation loops). Figures 4(b) , (e) and (h) show TEM images of the sample with QDs formed in the same mode, as in the previous case, but with subsequent increase in the substrate temperature to 500
• C within 90 s, followed by deposition of the GaAs cap layer. It is clear from the TEM images that small InAs islands disappear and flat large islands having a height of 3-4 nm and a lateral size of 30-70 nm are formed in this case. The TEM image taken in the defect-sensitive conditions shows that the large flat islands contain defects (dislocation loops) placed at their boundaries. While the PL spectrum of the sample with QDs formed and covered at 450
• C is dominated by the QD emission, the PL spectrum of the sample with heated QDs recorded at RT demonstrate very weak integrated PL intensity dominated by the WL luminescence. This is in agreement with the strongly reduced concentration of small coherent islands and high concentration of defects, acting as efficient traps of nonradiative recombination.
Figures 4(c), (f ) and (i) show TEM images of the sample with QDs formed at 450
• C, heated to 500
• C within 90 s, cooled to 450
• C within 90 s and capped by the GaAs layer at the final temperature. Both plan-view ( figure 4(c) ) and crosssection ( figure 4(i) ) TEM images demonstrate the reappearance of the small islands, and also local formation of agglomerations of small islands. The RT PL spectrum of this sample is dominated by the QD emission, which is about four times brighter than the QD emission in the sample with QDs formed and capped at 450
• C. The reason for this effect is clear from figure 4(f ) taken in defect-sensitive conditions. It is clear from the image that the concentration of dislocation loops is much smaller in this sample, and the average size of these defects is also smaller. Thus, during the segmentation of large islands with dislocations to small coherent nanodomains, most of the defects annihilate. The reappearance of the small islands after cooling of the sample and heating to higher temperature, demonstrate a reversibility of the QD size with reversible tuning of the substrate temperature. We note that our earlier studies of the effect of arsenic pressure on the InAs/GaAs system [17] have shown a reversibility of the transition between the 2D InAs layer and SK InAs islands with periodic appearance (disappearance) of the InAs islands with periodic increase (decrease) of the arsenic pressure, respectively. The observed cleaning of the QD structure from defects via temperature cycling opens new possibilities for the improvement of QD device characteristics.
Conclusions
To conclude, we have studied effects of formation temperature and of temperature tuning on the volume, shape and density of 3D InAs islands on GaAs(001) substrate and on their optical spectra. Plan-view and cross-section TEM and PL spectroscopy indicate a decrease of the island volume with the increase of the formation temperature which is accompanied by a flattening of the island shape. Cooling and heating of the array of InAs islands after deposition and before capping shows that the parameters of the array of islands are determined mostly by the final temperature and demonstrates reversible changes upon change of temperature. Our observations reveal the importance of thermodynamics in the formation of an array of SLIG InAs 3D islands on GaAs(001).
